The established spin splitting in monolayer (ML) of transition metal dichalcogenides (TMDs) that is caused by inversion symmetry breaking is dictated by mirror symmetry operations to exhibit fully out-of-plane direction of spin polarization. Through first-principles density functional theory calculations, we show that polarity-induced mirror symmetry breaking leads to sizable spin splitting having in-plane spin polarization. These splittings are effectively controlled by tuning the polarity using biaxial strain. Furthermore, the admixtures of the out-of-plane and in-plane spin-polarized states in the strained polar systems are identified, which is expected to influence the spin relaxation through the Dyakonov-Perel mechanism. Our study clarified that the polarity-induced mirror symmetry breaking plays an important role in controlling the spin splitting and spin relaxation in the TMDs ML, which is useful for designing future spintronic devices.
I. INTRODUCTION
Exploration of spin-orbit coupled systems is now at the heart of the growing research field of spintronics that focuses on the manipulation of non-equilibrium material properties using spin-orbit coupling (SOC). The SOC is a relativistic interaction arising from electrons movement in the nuclear electric field, which allows for generation and manipulation of electron spin 1 . Current-induced spin polarization 2 and the spin Hall effect 3 are important examples of spintronics phenomena where the SOC plays an important role. For spintronics device operation, semiconducting structures are promising because of their manipulability under gate voltages 4, 5 . However, a stable two-dimensional (2D) thin film is highly desirable, which is advantageous for circuit integration. Here, some attentions are given for the 2D materials such as graphene 6 and their analogs like silicene and germanene 7 due to their exotic properties such as high carrier mobility and long spin lifetime [8] [9] [10] . However, the weak SOC effect in these materials 8, 9 may limit their functionality for spintronic applications.
Recently, monolayer (ML) of transition metal dichalcogenides (TMDs), a new class of the 2D materials, has attracted much attention because of their extraordinary properties, especially the exotic spin-valley coupled electronic structures that promise future spintronic and valleytronic applications [11] [12] [13] [14] [15] [16] [17] [18] . The bulk phase of the TMDs systems is characterized by an inversion symmetric of 2H M X 2 stacking orders with space group D 6h 19 . In the ML phase, the inversion symmetry is broken, leading to the fact that the symmetry reduces to be D 3h 14, 17 . This inversion symmetry breaking together with strong SOC in the 5d orbitals of transition metals atoms give rise to large spin splitting 13, 14, 16, 17, 20 , which plays an important role in inducing some of interesting phenomena such as spin Hall effect 21, 22 , spin-and valleydependent selection rule for optical transitions 18 , and magnetoelectric effect 23 . Furthermore, in the D 3h point group symmetry, mirror symmetry operation on the surface plane of the M X 2 ML suppresses the spin splitting to exhibit fully out-of-plane spin polarization, which is believed to be responsible for inducing strongly enhanced spin relaxation through DyakonovPerel mechanism 14, 17, 24, 25 . Previous experimental studies have confirmed that long-lived spin relaxation and spin coherence of electrons have been reported on various M X 2 ML such as 26, 27 . However, due to the structural-dependent of the polarity, controlled changes in the polar structure, for example by applying strain, effectively tunes the polarity, which is expected to induce useful properties for spintronics.
In this paper, we perform first-principles density functional theory calculations to clarify the polarity-strain dependent on the electronic properties of the TMDs ML. We find that in addition to the established spin splitting having fully-out-of-plane spin polarization, a sizable spin splitting exhibiting in-plane spin polarization is observed in the polar M XY ML. These splittings are found to be effectively controlled by tuning the polarity, which is achieved by applying biaxial strain. The origin of the spin splitting and spin-polarized states is analyzed on the basis of symmetry arguments combined with orbital hybridization analyses. Furthermore, the admixtures of the out-of-plane and in-plane spin-polarized states in the strained polar systems are identified, and their implications to the spin relaxation are discussed. Finally, the possible applications of our systems for spintronics are discussed.
II. MODEL AND COMPUTATIONAL DETAILS
Similar to the case of the non-polar M X 2 , crystal structure of the polar M XY consists of We performed first-principles electronic structure calculations based on the density functional theory (DFT) within the generalized gradient approximation (GGA) 30 using the OpenMX code 31 . We used norm-conserving pseudopotentials 32 , and the wave functions are expanded by the linear combination of multiple pseudoatomic orbitals (LCPAOs) generated using a confinement scheme 33, 34 . The orbitals are specified by W7.0-
and Se9.0-s 2 p 2 d 1 , which means that the cutoff radii are 7.0, 9.0, and 9.0 bohr for the W, S, and Se atoms, respectively, in the confinement scheme 33, 34 . For the W atoms, two primitive orbitals expand the s, p, and d orbitals, and one primitive orbital expands the f orbital. On the other hand, for the S and Se atoms, two primitive orbitals expand the s and p orbitals, and one primitive orbital expands d orbital. The SOC was included in our DFT calculations, and the spin textures in k-space were calculated using the k-space spin density matrix of the spinor wave function 17, [35] [36] [37] [38] .
Two dimensional structures of the non-polar M X 2 and polar M XY MLs are modeled as a periodic slab with a sufficiently large vacuum layer (25Å). The use of the large vacum layer in the present system is to ensure that the electron density of the material tails off to zero in the vacuum and to avoid interaction between adjacent layers along the direction perpendicular to the surface plane. The geometries were fully relaxed until the force acting on each atom was less than 1 meV/Å. Here, we find that the optimized in-plane lattice constant is 3.24Å for the case of the polar WSSe ML, which is larger than that of the non-polar WS 2 ML (3.18Å), but it is in a good agreement with previous results [3.24Å 26 to 3.25Å 27 ]. Furthermore, we characterize the degree of the polarity in our system by evaluating ∆d ⊥ . In the case of the non-polar WS 2 ML, we find that the calculated value of ∆d ⊥ is zero, indicating that this structure is symmetric, thus, justifying the non-polarity of this structures. On the contrary, in the case of the polar WSSe ML, it is found that the calculated value of ∆d ⊥ is 0.154Å, showing that this system is polar. Because of the structural-dependent of ∆d ⊥ , it is expected that the polarity can be controlled by applying strain.
III. RESULT AND DISCUSSION
A. Electronic structures and characteristic of the spin splitting
To investigate the effect of the polarity on the electronic properties of the TMDs ML, we show in Figs with recent observation of the electronic properties across the TMDs family [14] [15] [16] [17] 26 .
Turning the SOC, a spin splitting in the electronic band structures is established in both the non-polar and polar TMDs ML due to the absence of inversion symmetry [ Fig. 2 ]. In the case of the non-polar WS 2 ML, the exsistence of the mirror symmetry in the surface plane (M x−y ) suppreses the spin splitting in the band structures except for k point along the Γ-M direction. On the contrary, the mirror symmetry M x−y is broken in the case of the polar WSSe ML, leading to the fact that the spin degeneracy of the bands along the Γ-M direction is lifted. It is noted here that due to time reversability, the spin degeneracy is visible in the Γ and M points. However, at the K and Q points, the time reversal symmetry is broken, inducing Zeeman-like spin splitting 13 .
The calculated values of the spin splitting in different high symmetry points in the first Brillouin zone for the VBM and CBM are summarized in Table I . Consistent with previous studies [14] [15] [16] [17] 26, 40 , the spin splitting is identified on the K and Q points in the VBM and CBM, respectively. In the case of the polar WSSe ML, large spin splitting up to 0.45 eV is observed on the K point in the VBM, which is comparable with that in the case of the non-polar WS 2 ML (∆E K,VBM = 0.43 eV). However, in the Q point of the CBM, the spin splitting in the case of the polar WSSe ML (∆E Q,CBM = 0.20 eV) is smaller than that in the case of the non-polar WS 2 (∆E Q,CBM = 0.33 eV). Interestingly, a sizable spin splitting around the Γ point in the VBM that is not found in the case of the non-polar WS 2 ML is observed in the case of the polar WSSe ML [ Fig. 2 ]. This splitting is referred as Rashba splitting, which is consistent with that previously reported by Cheng at al. point is achieved, which is expected to play a significant role in the spintronics phenomena such as spin-conserving scattering.
B. Tunable the electronic and spin splitting properties by the strain
Because the polarity plays a significant role in the electronic and spin splitting properties of the TMDs ML, controlling the polarity is expected to induce useful properties for spintronics. Here, strain is an effective method to tune the polarity, which is achieved by applying substrates 28, 29, 41 . To this aim, we use a wide range of biaxial strains (up to 8%) in the polar WSSe ML by tuning the planar lattice parameter. The range of the strain considered in this work was chosen because the broken of inter-atomic bonds may occur for the larger strain. For example, in the MoS 2 ML, the breaking of the interatomic bonds is achieved at an effective strain of 6 to 11 % 42 . Because the WSSe ML is polar material, the polar substrates having an intrinsic dipole moment such as wurtzite semiconductors the present study. We define the degree of in-plane biaxial strain as = (a − a 0 )/a 0 , where a 0 is the unstrained in-plane lattice constant. Here, we studied the following two different cases: the tensile strain, which increases the in-plane lattice constant a, and compressive strain, which decreases a.
Under the tensile strain, we find that the out-of-plane interlayer distance difference ∆d ⊥ is decreased [ Fig. 4(a) ], and, consequently, the hybridization between the out-of-plane bonding states ( d z 2 , p z ) is reduced, while the hybridization between the in-plane bonding states [ gap is achieved on a substantial critical strain, which is observed on -0.25 % and 1.9 % for the compressive and tensile strains, respectively. These values are slightly different from that seen on the non-polar WS 2 ML [(-1.2 % and 2.3 %) 17 ], but consistent with previous results reported by Defo at. al. 27 . Remarkably, tuning the polarity by the strain significantly modifies the electronic properties of the polar WSSe ML. Fig. 2] . Consistently, the enhancement of the spin splitting is also identified in the CBM, which is observed on the Q point under the tensile strain, and on the K point under the compressive strain. These considerably changes of the spin splitting in the polar WSSe ML by applying the strain is expected to be useful for spintronics applications.
To better understand the nature of the observed spin splitting in the strained polar WSSe To clarify the origin of the observed spin splitting and the spin-polarized states in our calculational results, we consider our system based on the symmetry arguments. As mentioned before that the polar WSSe ML belongs to the C 3v symmetry group. Here, the symmetry itself consists of a C 3 rotation and a mirror symmetry operation M y−z : x −→ −x, where x is along the Γ-K direction. In the case of spin Additionally, the anti-unitary time reversal operator T that is represented by iσ y K, where K is complex conjugation, commuts with both C 3 and M y−z . The k · p Hamiltonian H( k) up to cubic k-terms can be constructed around the Γ point by using invariant condition under C 3 , M y−z , and T operations, which can be expressed as 13,44,45
where
Here, the second term in the H( k) is the Rashba term characterized by Rashba parameter, α R , which induces in-plane component of the spin polarization. On the other hand, the third term in the H( k) is the warping term characterized by warping parameter, β k , which contributes to the out-of-plane component of spin polarization. It is noted here that the Rashba parameter α R is induced by out-of-plane potential gradient asymmetry, while the warping parameter β k is mainly contributed from in-plane potential gradient asymmetry. Solving the eigenvalues problem for the Hamiltonian of Eqs. (1) gives the following split energies:
where θ = tan −1 (k y /k x ) is the azimuth angle of momentum k with respect to the x axis along the Γ-K direction. The subscripts + and -denote states for the upper and lower bands, respectively. The spin polarization vector P ± (k, θ) can be evaluated using the averaged components of the spin operator σ , which turns out to be
In the case of the non-polar WS 2 ML, the mirror symmetry operation M around the K and Γ points, respectively, is strengthened. However, due to the substantially small spin splitting around the Γ point, weak in-plane spin-orbit field B SO is generated, inducing small misalignment of the total spin-orbit fields from the out-of-plane direction.
Accordingly, Dyakonov-Perel spin relaxation mechanism implies that the spin relaxation times are much longer than that intervalley scattering times. This situation is qualitatively similar to the recent observation of the spin relaxation on dual gated exfoliated MoS 2 ML reported by Schmidt at al. 24 , which found that applying ionic gating breaks the mirror symmetry to induces the enhanced spin relaxation.
Interestingly, the spin textures of the VBM in the case of the compressive strain is dominated by the fully out-of-plane polarization of the spin-split hole pockets around the K point [ Fig. 5(a) ]. Here, the fully out-of-plane orientation of the spin-orbit fields B SO ⊥ is generated, implying that unusually long spin relaxation times without intervalley scattering is achieved. This is supported by the fact that a similar mechanism behind the long spin relaxation times induced by out-of-plane spin polarization has been reported on the various TMDs ML 14, 17, 24, 25, 47 , suggesting that the present system is promising for energy saving spintronics.
It is pointed out here that our proposed approach for generating and modulating the spin splitting and spin-polarized states is not limited to the polar WSSe ML, but it can be generalized to a variety of SOC systems with the polar M XY structures exhibiting the polarity-induced mirror symmetry breaking (for example, other the polar TMDS ML including WSTe, MoSSe and MoSTe whose electronic structure properties are similar to WSSe ML 26, 27 ). Together, these features seem to be promising for inducing new electronic properties which are useful for spintronic applications.
IV. CONCLUSION
To summarize, we have investigated the effect of the polarity and its strain dependent on the electronic properties of the TMDs ML by using first-principles density functional theory calculations. We found that in addition to the established spin splitting along the Γ-K line with fully-out-of-plane spin polarization, the presence of the mirror symmetry breaking in the polar TMDs ML leads to sizable spin splitting along the Γ-M line exhibiting in-plane spin polarization. We also find that these splittings are effectively controlled by tuning the polarity realized by introducing biaxial strain. We clarified the origin of the spin splitting and spin polarization in our calculational results by using symmetry arguments combined 15 with orbital hybridization analyses. The enhanced and sizable spin splittings found in the present study suggested that the strained polar TMDs ML systems are suitable for spintronic applications. Finally, we have identified the possible admixtures of the out-of-plane and inplane spin-polarized states in the strained polar systems and discussed their implications to the spin relaxation involving intervalley scattering process through the Dyakonov-Perel mechanism. Our study clarified that the polarity-induced mirror symmetry breaking is an important parameter to control the spin splitting and spin relaxation in the TMDs ML, which is useful for designing future spintronic devices.
